New nephrons developed in goldfish, Carassius auratus, several weeks following hexachlorobutadieneinduced (HCBD) nephrotoxicity. Basophilic clusters of presumptive nephrogenic cells incorporated 5-bromo 2'deoxyuridine (BrdU) one week after HCBD injection, indicating initiation of DNA synthesis. These clusters' ike renal vesicles in t~e developing kidney, elongated, fused with collecting ducts and developed into Immature nephrons dunng the next 2 weeks. Stereologic quantification showed the volume percent of the kidney occupied by the developing nephrons was greater in HCBD-treated fish 2 3 4 and 10 weeks after injection than in the control fish. The presence of large numbers of developing'nephrons may provide a marker for renal injury in fish from contaminated waterways.
INTRODUCTION
Histopathological examination of fish is a valuable method to determine the impact of contaminants in the aquatic environment (3, 18, 34, 50) . This is dependent, however, upon our ability to recognize and understand basic responses offish tissues to injury. We are currently studying the responses of the teleost kidney following administration of a sublethal dose of hexachlorobutadiene (HCBD), a potent nephrotoxin widely distributed in the environment (32, 40, 55, 61, 62) . The kidney's ability to repair toxic injury (8, 22, 23, 37) and undergo compensatory renal hypertrophy after unilateral nephrectomy (13, 26, 27, 31) is well documented in the rat. These responses do not include the formation of new nephrons. Development of new nephrons, which occurs for only 3 days in the neonatal rat (30, 36, 41) , occurs throughout the life ofthe fish (60) . Intensely basophilic, compact developing tubules are seen in young, rapidly growing fish and occasionally in normal adult fish kidneys. In the eel (Anguilla anguilla L.), developing nephrons have been noted following prolactin injection (38, 39) . 32 Development of new nephrons has not, however, been demonstrated as a response of the fish kidney to toxic injury. Recently, we noted newly formed developing nephrons in the goldfish, Carassius auratus, after hexachlorobutadiene (HCBD) induced renal toxicity (43) . The present study demonstrates the increase in the volume percent of area occupied by developing nephrons and the increase in apparent number of developing nephrons in HCBD-treated fish over time. Immunohistochemical localization of 5-bromo, 2'deoxyuridine (BrdU), an analogue of thymidine, in these new nephrons, indicates that they have incorporated BrdU into the DNA during S-phase and are mitotically active (l0, 17, 45) .
MATERIALS AND METHODS
One hundred forty goldfish between 10-15 em long were obtained from a local distributor. The fish were maintained and treated as previously described (42) . Briefly, HCBD-treated fish were given a single intraperitoneal (ip) injection of 500 mg/kg HCBD dissolved in corn oil. Control fish received an ip injection of an equal volume (10 ml/kg) of corn oil. Groups of 5 treated and 5 control fish were sacrificed by severing the cervical vertebrae after 1, 4, 7, 14, 21,28, and 70 days ofexposure. This procedure was repeated so that there were a total of 10 treated and 10 control fish for each time period. The second group received an ip injection of 500 mg/kg 5-bromo, 2'deoxyuridine (BrdU) 4 hr before sacrifice.
The caudal kidneys were weighed, sliced and immediately immersed in 4% formaldehyde and 1% glutaraldehyde fixative (4FIG) (35) for routine embedding in paraffin. Six-micron sections were stained with hematoxylin and eosin (H&E). For immunohistochemistry the tissues were held in 4FIG fixative for 24-48 hr and then rinsed in PBS for 24 hr. The tissues were then embedded in paraffin. Sixmicron unstained sections were placed on chromealum-coated slides and heated in a 60°C oven for 1 hr. The sections were stored at room temperature until they were stained.
The slides were deparaffinized by placing them into xylene for 10 min. This was repeated 4 times. The slides were then rinsed twice in 100% ethanol for 5 min each. To prevent endogenous peroxidase staining, the sections were treated with 5% HzO z in methanol for 30 min. The slides were then washed 3 x with deionized (DI) water, 5 min each. The sections were then incubated with pepsin (14,800 U/ml, Sigma, St. Louis, Mo.) in 0.1 N HCl at 37°C for 30 min. The slides were rinsed in 1 N HCl and then placed in 4 N HCl for 20 min. The sections were then washed 4 x with DI water, 5 min each, followed by 3 washes with 0.1% Tween 20 (Polyoxyethylene sorbitan monolaurate, Sigma) PBS. The slides were then incubated overnight at room temperature with the monoclonal antibody (Becton Dickinson, Mountian View, Ca.) diluted 1:60 in 0.1% Tween 20 PBS. After 3 rinses in Tween/PBS, the slides were incubated for 45 min with the secondary antibody (biotinylated horse anti-mouse, Vector, Burlingame, Ca.) diluted 1:200. Following 3 PBS rinses, the sections were incubated with avidin-biotin peroxidase complex (ABC, Vector) for 45 min. Following 4 rinses in PBS the sections were incubated with 0.05% diaminobenzidine tetrahydrochloride (Sigma) in a solution of 0.05 M Tris, pH 7.6 and 0.03% n,o, for 7 min. The reaction was stopped by washing the slides in ice cold tap water. The sections were counterstained with hematoxylin.
Stereologic quantification: the basophilic clusters and developing nephrons were counted in each section. The areas occupied by the clusters and developing nephrons and the areas of the sections were obtained using a Zeiss Video Plan. The data is presented as the number of clusters and developing nephrons counted per square millimeter and as the volume percent occupied by the clusters and developing nephrons. Analysis of variance and t-tests were performed on an IBM PC using the SAS for the PC software package (SAS Institute, Cary, North Carolina). 
RESULTS

Control Fish
The goldfish has a mesonephric kidney with hemopoietic tissue surrounding its nephrons. The nephrons are composed of a well vascularized glomerulus, a neck segment, proximal segments, a distal segment, and collecting ducts (11, 12, 19, 20, 44) . There is no loop of Henle, nor do the nephrons have a regular orientation as found in the cortex and medulla of the mammalian kidney. Very few developing nephrons were seen in sections of control goldfish kidneys. Some small, intensely basophilic, clusters of cells were noted in the interstitium. These were frequently adjacent to collecting ducts and sometimes adjacent to macrophage aggregates. These basophilic clusters were composed of small cells with scant cytoplasm and a dark compact nucleus (Fig. lA) . The basophilic clusters in the control fish hardly ever incorporated BrdU.
HCBD-Treated Fish
The damage induced by HCBD in the adult nephron has been described previously (42) . Briefly,there was extensive vacuolation and necrosis in the epithelial cells of the second and third proximal segments of the nephron during the first five days. By one week, the epithelium of the first proximal segment also contained small vacuoles. Vacuolated epithelial cells were still present in the nephrons at 2, 3, and 4 weeks. Occasional nephrons with vacuolated epithelial cells were present in some fish even 10 weeks after the single HCBD injection.
The morphology of the small basophilic clusters in the HCBD-treated fish changed about one week after treatment. Some clusters were less intensely basophilic and appeared slightly enlarged. The cells were crescent-shaped and were packed closely together ( Fig. lB) . Their nuclei were quite large but the cytoplasm remained scant. Most clusters were closely apposed to a collecting duct making the clusters appear C-shaped. Many clusters contained mitotic figures and cells which had incorporated BrdU (Fig. Ie) .
By 2 weeks, many larger clusters were seen in the HCBD-treated fish kidneys. Some clusters were still C-shaped, while increasing numbers had developed an S-shape, elongated, and could be identified as developing nephrons. BrdU incorporation and mitotic figures were frequently observed. The cells were still basophilic with a large nucleus. The long axis of the cells was oriented toward the center of the cluster, and sometimes a tiny lumen was observed. Occasional developing nephrons penetrated their adjacent collecting duct.
Three and 4 weeks after dosing, numerous developing nephrons composed of longer tubules, in compact groups of multiple cross sections, and developing glomeruli were present throughout the kidneys of the treated fish ( Figs. 2A and 2B) . Occasionally, more mature, longer, slightly eosinophilic developing nephrons were seen. Their epithelium had more cytoplasm and smaller compact nuclei than those of the less mature basophilic developing nephrons. Different segments could be identified in the more mature nephrons. Some segments were narrower, resembling distal tubules, while others were wider, had a slight brush border, apical vacuoles and a few cilia, resembling proximal tubules. Immature nephrons were present, but in reduced numbers, by 10 weeks. Developing nephrons at all time periods incorporated BrdU ( Fig. 2A) .
Stereologic quantification showed the volume percent of the kidney occupied by the basophilic clusters and developing nephrons was greater in HCBD-treated fish 2, 3, 4, and 10 weeks after injection than in the control fish (Fig. 3A) . The apparent number of clusters and developing nephrons counted per square millimeter was also greater in treated fish at these time periods (Fig. 3B ).
DISCUSSION
Cell proliferation and regeneration of the epithelium following injury has been demonstrated in various organs of mammals, amphibians, birds, and fish (4, 6, 16, 28) . The teleost kidney, however, appears to be unique in that it retains stem cells that can differentiate into entirely new nephrons. These cells are sometimes located in groups, usually near collecting ducts. Once mitotically active, these clusters resemble the renal vesicles of the developing kidney (29, 30) . As the cells multiply, the clusters develop the C-and S-shape configurations seen in the developing kidney. With time, the glomeruli and tubular segments differentiate.
DAYS AFTER HCBD INJECTION
The stimulus for the cells in the clusters to begin synthesizing DNA, to divide, and subsequently to differentiate into new nephrons is at present unknown. The presence of injured cells may actually stimulate a proliferative response by other cells. In the rat, injection of kidney homogenates induces proliferation of renal tubular epithelium (5) .
In the eel, injection of mammalian prolactin induced formation of new nephrons (38, 39) . This, however, may not be a hormonal effect ofprolactin. Those studies also noted vacuolation and some degeneration of the proximal tubular epithelium. Other studies have shown that mammalian prolactin is nephrotoxic in different fish species (14, 15) . Prolactin has profound effects on osmoregulation in vertebrates (1, 33) , but its effects on nephron development in the teleost may be secondary to its toxicity to the renal tubular epithelium.
This study demonstrates the ability ofthe goldfish kidney to develop new nephrons after HCBD-induced nephrotoxic injury. This response may provide a marker for toxic renal damage in feral as well as experimental fish. These experiments provide a foundation for future studies examining the histopathological response of the teleost kidney to xenobiotics. Currently, studies using fish and invertebrate species are required to register pesticides if the product is to be used in or near water. The testing guidelines proposed by the United States Environmental Protection Agency (USEPA) include evaluation of pathological effects in these aquatic, nontarget species (52, 53, 56, 57) . Many studies have focused on the acute lethal concentration (LC so ) at 96 hours for individual compounds (51, 54, 58) . Chronic toxicity tests have focused on survival, reproductive capacity, hatching success, growth, or behavioral changes (7, 24, 48, 59) .
While some of these reports include histopathologic findings, most rely on gross pathologic observations. Histopathologic changes often precede criteria routinely used in field studies or laboratory toxicity tests: gross pathologic lesions, changes in growth rate, and mortality. A number of authors have recommended that histopathology be used to monitor the effectsof aquatic pollutants (21, 25, 46, 49, 50) . Iffish are to be used as sentinels ofpollutants and possibly carcinogens (2, 9, 47) in our waterways, it is essential to understand the cellular response to injury in fish tissues.
In the HCBD model, newly formed nephrons de-veloped within 2 weeks of exposure and continued to be present even after 10 weeks. The presence of large numbers of developing nephrons in wild fish may indicate either a previous acute toxic insult or chronic, low levels of nephrotoxins in the aquatic environment. Further studies are essential to determine if development of nephrons can be used as a marker for nephrotoxicity in fish.
